The objective of this study is to establish a systematic procedure based on stress wave propagation speeds to evaluate the quality and engineering properties of compacted soils for the quality control of earth works. To achieve this goal, three different materials used in the earth dam of the PaoShan Second Reservoir were collected. Proctor, Impact Echo, as well as California Bearing Ratio (CBR) tests were performed on compacted samples of the three materials. Results of these tests indicate that the shear (S) wave velocity of the samples is proportional to their dry density. The compressive (P) wave velocity of the samples decreases as their moisture content increases. Also, the P-wave and S-wave velocities of the samples are proportional to their CBR values. It is thus concluded that the Impact Echo method is a tool with high potential for the evaluation of compaction quality of soils.
Introduction
The construction of highway embankment or earth dam requires compacting the back-fill materials layer-by-layer. In practice, for the purpose of quality control, Proctor tests were performed in the laboratory to obtain the maximum dry density "ρ d,max " of the back-fill material. Sand-cone tests were performed to measure the field dry density "ρ d,field " of the compacted layer. The relative compaction "R" is defined as the ratio of ρ d,field and ρ d,max . For most earth works, a relative compaction of higher than 95% is required. However, the sand-cone test is a destructive test and performing this test is labor intense and time consuming. Furthermore, this test can only obtain the physical properties of the compacted soil. If the engineer wants to know the engineering properties of the compacted material, additional tests such as the static plate load test or the California Bearing Ratio (CBR) test must be performed. Therefore, several researches have been done to find out an alternative solution.
Starting from the 1980s, the time domain reflectometry (TDR) technique was used to measure the volumetric water content of soils [1] [2] [3] . Yu and Drnevich [4] further applied this technique to measure the gravitational water content and dry density of compacted soils. The basic idea of this method is to correlate the density and moisture content of soils to their electrical conductivity. The disadvantage of this method is that it still can not obtain the engineering properties of the compacted material.
In recent years, stress wave propagation theory was used to measure the porosity and moisture content of soils and rocks. Allen [5] found that the primary (P) wave velocity of a saturated granular soil is controlled by its void ratio. Berryman et al. [6] proposed using seismic wave velocity to determine the degree of saturation and porosity of porous rocks. Rix and Stokoe [7] used Spectrum Analysis of Surface Wave (SASW) method to measure the stiffness profile of pavement sub-grades. Kim et al. [8, 9] applied the SASW method and found good correlation between the dry density and shear (S) wave velocity of compacted soils. From the experience of these investigations, it can be conclude that using wave propagation speed to evaluate the compaction quality of soils is very promising.
Testing Program

Materials Tested
The objective of this study is to establish a systematic procedure based on stress wave propagation speeds to evaluate the density and water content of compacted soils, which can be used for the quality control of earth works. To achieve this goal, three different materials used in the earth dam of the PaoShan Second Reservoir were collected and tested. Index properties of these materials are shown in Table 1 . The shell material, which has the lowest plasticity, is a brown mixture of weathered sand stone and clay shale, and will be placed on the outer shell at downstream of the dam.. The core material is classified as clay of low plasticity (CL) according to the Unify soil Classification system (USCS). It is a weathered mud stone with gray color, and is used as water barrier at the center of the earth dam. The high plasticity special compaction (HPSC) material is red in color. It has the finest particle size and highest plasticity among the three materials, and will be placed between the foundation and the main body of the dam. 
Testing Methods
In order to obtain the dry density vs. water content relationship of the tested materials, a series of samples were compacted at different water contents according to the procedures specified in the ASTM D 698 standard. After the weight of the samples was taken, the P-wave and S-wave velocities of each sample were measured using the test setup as illustrated in Figs. 1a and 1b. The CBR of these samples was than measured according to the ASTM D 1883 standard. Finally, these samples were oven dried to obtain their water content. 
Test Results
Relationship Between Density and Water Content
Results of the Proctor test are shown in Fig. 2 and summarized in Table 2 . All the three materials have the typical compaction cure -the dry density increases as water content increases, reaching a peak value, than decreases as water content further increases (Fig. 2) . Also, the maximum dry density (γ d,max ) of a material decreases as its plasticity index (PI) increases, and the optimum water content (ω optt ) increases as its PI increases as shown in Table 2 . 
P-wave Velocity vs. Water Content
The relationship between P-wave velocity and compaction water content for the three materials are shown in Fig. 3 . For the two (shell and core) materials with lower plasticity, the P-wave velocity decreases as compaction water content increases, because the sample is weaker at high water contents thus leads to a lower P-wave velocity. But the linear relationship does not exist for the HPSC material. For clays with high plasticity, the strength peaks at compaction water content close to the optimum water content, therefore, we would expect that its P-wave velocity reaching a maximum value at compaction water content around its optimum water content. Gravitational water content (%) P wave velocity (m/s) Fig. 3 . Relationship between P-wave velocity and compaction water content..
S-wave Velocity vs. Dry Density
The S-wave velocities are plotted against dry densities as shown in Fig. 4a for the shell material and in Fig. 4b for the core material. It can be seen from these two figures, for samples compacted at dry of optimum (i.e., compaction water content less than the optimum water content), the S-wave velocity increases as dry density increases. For clays compacted at dry of optimum, we would expect their strength to increase proportionally as their dry density increase. Therefore, a linear relationship between the S-wave velocity and dry density can also be expected. 
P-wave and S-wave Velocities vs. CBR
The California Bearing Ratio of both materials is plotted against P-wave velocity as shown in Fig. 5a and against S-wave velocity as shown in Fig. 5b . It can be seen from these two figures, both the P-wave and S-wave velocities increase as the CBR increases. We would expect that the California Bearing Ratio of most soils will be proportional to their strength. Therefore, a linear relationship between the wave propagation speeds and the California Bearing Ratio can also be expected. 
Summary and Conclusions
The objective of this paper is to investigate the feasibility of using Impact Echo NDT technique to evaluate the quality of a compacted soil layer. From the results of this study, the following conclusions can be drawn:
1. The shear (S) wave velocity of the samples is proportional to their dry density. 2. The compressive (P) wave velocity of the samples decreases as their moisture content increases. 3. Both the P-wave and S-wave velocities of the samples are proportional to their CBR values. From the discussion mentioned above, the stress wave propagation method not only can obtain the physical properties (density and moisture content) of compacted soils, it can also evaluate their engineering properties such as California Bearing Ratio. It is thus concluded that the Impact Echo method is a tool with high potential for the evaluation of compaction quality of soils
